This paper explores the way technical progress and improvements in energy efficiency are captured when modelling OECD industrial energy demand. The industrial sectors of the developed world involve a number of different practices and processes utilising a range of different technologies. Consequently, given the derived demand nature of energy, it is vital that when modelling industrial energy demand the impact of technical progress is appropriately captured. However, the energy economics literature does not give a clear guide on how this can be achieved; one strand suggests that technical progress is 'endogenous' via asymmetric price responses whereas another strand suggests that it is 'exogenous'. More recently, it has been suggested that potentially there is a role for both 'endogenous' and 'exogenous' technical progress and consequently the general model should be specified accordingly.
SEEC research output includes SEEDS -Surrey Energy Economic Discussion paper Series and SEERS -Surrey Energy Economic Report Series (details at www.seec.surrey.ac.uk/Research/SEEDS.htm) as well as a range of other academic papers, books and monographs. SEEC also runs workshops and conferences that bring together academics and practitioners to explore and discuss the important energy issues of the day SEEC also attracts a large proportion of the School's PhD students and oversees the MSc in Energy Economics & Policy. Many students have successfully completed their MSc and/or PhD in energy economics and gone on to very interesting and rewarding careers, both in academia and the energy industry.
Introduction
This paper explores the way technical progress and improvements in energy efficiency are captured when modelling OECD industrial energy demand. The industrial sectors of the developed world involve a number of different practices and processes that utilise a range of different technologies. Consequently, it is vital that when modelling industrial energy demand the impact of technical progress is appropriately considered, given the derived demand nature of energy. The level of technology at any time is dependent on innovation, which is dependent on a combination of endogenous and exogenous factors. However, the energy economics literature does not give a clear guide on how this can be achieved given the debate on the best way to account for technical change in energy demand models.
'technical progress is endogenous'
One strand of the literature suggests that technical progress should be incorporated endogenously via prices. Kouris (1983a and 1983b) argued that whatever factors are driving technical progress it is unlikely that when using time series data a simple deterministic time
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trend will adequately capture the underlying processes. Furthermore, Kouris (1983a and 1983b) suggests that unless certain engineering data 1 could be found to proxy technical progress then it is better to model it endogenously through price and incomes without an explicit variable attempting to capture any exogenous impact of technical progress. In addition, Walker and Wirl (1993) argued that technical change leading to an improvement in energy efficiency is endogenous since it is induced by sustained price rises.
Consistent with this ethos, subsequent work, both in a time series context (such as Dargay, 1992 and Huntington, 2010 ) and a panel context (such as Huntington, 2002 and Agnolucci, 2009 ) decomposed the energy price variable into the asymmetric components that separately measure the impact of prices above the previous maximum ( max p for short), a price recovery below the previous maximum ( rec p for short), and a price cut ( cut p for short) 2 in order to capture any endogenous impact of technical progress. This commonly used methodology was initially proposed by Wolffram (1971) and later clarified by Houck (1977) . In this approach, a segmentation procedure is used to separate the independent price variable into increasing, recovery and decreasing segments, thereby allowing the individual estimation of the impact of the variable when it is increasing, recovering or decreasing. The idea being that increasing energy prices (particularly above any max p ) induces technical progress and more energy efficient processes, whereas when the energy price falls these advances are not reversed -hence the expectation of a different response to max p , rec p and cut p .
'technical progress is exogenous'
Developing in parallel to this, an alternative strand of literature, argues that technical progress should be incorporated exogenously in energy demand models. Despite the arguments by Kouris (1983a and 1983b) discussed above, in (symmetric) time series estimation of energy demand models the most common way to capture exogenous technical progress was via a simple linear time trend. For example, Willcocks (1981, 1983) suggested that, although not a satisfactory method, the use of a time trend is better than just ignoring the issue.
This debate was picked up by Hunt et al (2003a Hunt et al ( & 2003b who also argued that a linear trend is an inadequate way to capture technical progress but arguing that there is still a need to capture exogenous effects that can be achieved via a stochastic trend -referred to as the underlying energy demand trend (UEDT). However, according to Hunt et al (2003a and 2003b) , the UEDT includes more than just exogenous technical progress; it also includes exogenous change caused by such things as habit persistence, changes in values and lifestyles, changes in economic structure, changes in building and environmental regulations, etc.
Parallel to this, Griffin and Schulman (2005) questioned the price decomposition approach for modelling endogenous technical progress in a panel context. They argued that the price decomposition used by Gately and Huntington (2002) and others only acts as a proxy for energy-saving technical change and therefore the way to model energy in panel data models is via symmetric price models and time dummies. This is arguably analogous to the UEDT approach in time series data since it results in a 'non-linear' exogenous impact -that should pick up technical progress, but also other important exogenous factors suggested by Hunt et al. (2003a and 2003b) and Hunt and Ninomiya (2003) .
'technical progress might be endogenous and/or exogenous'
Recently, it has been suggested that potentially there is a role for both and the general model should be specified accordingly. Huntington (2006) Given the lack of direction in the literature, an objective of this paper is to account for APR and technical progress (or, to be more precise, the wider concept of a UEDT) in time series models of industrial energy demand. As background to this, Table 1 give very different results. This is probably due to the use of different data sets with different start dates that affect the associated decomposed price series. Long-run price and max p elasticities therefore range from -0.06 to -2.10 and -0.14 to -1.50 respectively, while long-run income elasticity range from 0.11 to 3.51. For instance, while Dargay (1990) The methodology employed in this paper therefore allows for a general model with both APR and a stochastic UEDT. The idea is to examine the importance of incorporating a UEDT into a 5 Which is probably to be expected, but it is worth noting that the max p , rec p , and cut p , elasticities often do not conform to that expected a priori (as explained further below in the methodology section). It is also worth noting in this respect that there has been some debate in the literature about the use of the max p , rec p , and cut p decomposition because of the inconsistencies that may result from having to rely on the start dates of the data; see Adofo et al. (2013) for further discussion.
model of industrial energy demand with APR as explained in detail in Section 2. Section 3 presents the results and Section 4 summarises and concludes.
Methodology
In order to consider fully the effect of APR, four 'general' models of asymmetry/symmetry are
, and 'Symmetry (S)'. These are described below.
The most general model specification for modelling OECD industrial energy demand used in 
Where: UEDT t = the UEDT (discussed further below);
Furthermore, it is expected a priori that energy demand falls more rapidly when energy prices rise than it would increase when energy prices fall, and falls most rapidly when a new maximum energy price is reached (similar to Huntington, 2002, and Gately, 2010) . 6 Gately and Huntington (2002) . However, it is important to note that the estimated income and price elasticities and the shape of the estimated UEDTs are the same irrespective of which decomposition is used.
In other words, it is expected that the long-run rec p elasticity will be no greater (in absolute terms) than the long-run max p elasticity and that the long-run cut p elasticity will be no greater (in absolute terms) than the long-run rec p elasticity; i.e.
. In estimating the models, considering this theoretical a priori expectation is seen as crucial as discussed further below.
'RAI Model'
When modelling for the individual countries and it proves difficult to find statistically significant coefficients for the asymmetric price terms and/or where the estimated long-run coefficients do not conform to the a priori expectation that (1) Here the a priori expectation is that the long-run cut p elasticity will be no greater (in absolute terms) than the long-run rise p elasticity,
. In other words, energy demand is expected to fall more rapidly when energy prices rise than it would increase when energy prices fall.
7 Which effectively imposes the restriction in Equation (1) Here the a priori expectation is that the long-run change p elasticity will be no greater (in absolute terms) than the long-run max p elasticity,
. In other words, energy demand is expected to fall more rapidly when energy prices rise to a new maximum than it would increase when energy prices falls or decrease when energy prices rise (below a previous maximum) 8 Which effectively imposes the restriction in Equation (1) 
Finally, where it proves impossible to obtain an APR specification using any of the three specifications above, Equations (1), (2) (1) 
'Exogenous UEDT (μ t )'
For all equations above (1) -(4) the UEDT is initially assumed to follow a stochastic process and can be estimated by the STSM as follows: (Harvey and Koopman, 1992) . These interventions can give information about important breaks and structural changes at certain dates within the estimation period. Therefore, similar to Dilaver and Hunt (2011) (2), (5) and (6)]. If this also proves difficult, Model RAII is estimated [consisting of Equations (3), (5) and (6)]. However, if all of these prove difficult, the symmetric Model S is estimated [consisting of Equations (4), (5) and (6)].
For all models, the estimation is by the maximum likelihood function coupled with the Kalman filter using the software package STAMP 8.10 (Koopman et al., 2007) . Following a general-tospecific strategy, the coefficients of insignificant variables and hyper-parameters are gradually deleted according to goodness of fit criteria and ensuring that an exhaustive list of diagnostic tests for the equation residuals are passed, and the auxiliary residuals do not suffer from non-10 If no interventions are identified then t UEDT is equal to t  . normality to arrive at the final preferred specification for each model. From this, a preferred specification for Model FA with a stochastic or deterministic trend (FASt or FAD) is obtained.
If this is not possible, the preferred specification for Model RAI with a stochastic or deterministic trend (RAISt or RAID) is obtained. If this is not possible, the preferred specification for Model RAII with a stochastic or deterministic trend (RAIISt or RAIID) is obtained. However, if none of these proves possible, the preferred specification for Model S with a stochastic or deterministic trend (SSt or SD) is obtained.
Empirical results

Data
The time series data used in the analysis consists of 15 OECD countries (Austria, Belgium, This source was used in a similar way by Prosser (1985) to calculate real price indices for the whole economy.
12 Arguably, the energy price indices for 1962-1980 would benefit from the inclusion of prices of oil products, but a lack of consistent data across countries precludes its use.
1962 to 1980. The two series (1962 -1980; 1972=100) and (1978 -2010; 2005=100) are subsequently spliced using the ratio from the overlap year 1978 to obtain the series for the whole period 1962 to 2010 at 2005 prices (2005=100).
Estimation results
Following the general-to-specific strategy outlined above, for each of the 15 OECD countries, the different models also outlined above, are estimated and tested in order to obtain the preferred models given in Table 2 . This shows that in general, most of the preferred models are free of any misspecification problems, passing almost all diagnostics tests. The exceptions being:
Greece (where the is a small problem of heteroscedasticity); Japan (where the model shows some instability in the predictive failure test); and Norway (where the Box-Ljung test suggests that there might be a problem with serial correlation, but the correlation coefficients up to three lags do not suggest there is a problem).
13
Table 2 also shows that for all countries the estimated UEDT is found to be stochastic, with the likelihood ratio tests clearly showing that the restrictions of a setting the appropriate hyper-parameters to zero for a deterministic trend are rejected for all countries.
13 In fact, Norway was a difficult country to model often with non-convergent problems and the coefficient for max p is very insignificant but is retained in order to avoid greater problems with the diagnostic tests. Similarly, two interventions for Switzerland are not significant but are retained to ensure all the diagnostic tests are passed. n/a n/a n/a n/a n/a θ 1 n/a n/a n/a n/a n/a π 0 --n/a -0.267** -
n/a n/a -n/a n/a φ 1 n/a n/a -0.103** n/a n/a LR elasticity estimates α* (income) n/a n/a -n/a n/a θ 1 n/a n/a -0.146* n/a n/a π 0 -0.132* n/a n/a -n/a
n/a n/a n/a n/a n/a φ 1 n/a n/a -n/a n/a n/a LR elasticity estimates α* (income) 
-0.447*** n/a -0.512*** -0.714*** n/a θ 0 n/a n/a n/a n/a -θ 1 n/a n/a n/a n/a -0.194***
n/a -0.177*** n/a n/a n/a φ 1 n/a -n/a n/a n/a LR elasticity estimates α* For asymmetry, there is more variation. For nine countries, the full asymmetry with stochastic trend (FASt) model is preferred: Austria, Belgium, France, Greece, Italy, Norway, Spain, Switzerland and the UK. For two countries, the restricted asymmetry I model with a stochastic trend (RAISt) model is preferred: the Netherlands and the USA, with two countries, Japan and Portugal, the restricted asymmetry II with stochastic trend (RAIISt) model is preferred. 14 Therefore, it can be seen that a stochastic exogenous UEDT is generally preferred with APR; nevertheless, this is not uniform across all countries. Therefore, arguably the analysis emphasises the need for any general model to allow for both APR and a non-linear exogenous 14 Although it should be noted that the preferred models for seven countries (Austria, Belgium, Greece, Norway, Spain, Switzerland and the UK) are observationally equivalent being possible restricted versions of both FASt and RAIISt. This is because both UEDT since there could well be a role for both when modelling industrial energy demand (and arguably, any energy demand model) -however it is unlikely to be uniform across different countries (and arguably different sectors).
Discussion of results
Given the complex processes involved in the industrial sector and the mounting environmental pressures and regulations as well as mandated energy efficiency standards, arguably it has never been more important to devise an appropriate methodology to account for technical progress (and other exogenous factors) in the OECD industrial sector. This paper has explored the modelling of industrial energy demand for 15 OECD countries using principles argued by Adeyemi & Hunt (2007) and the methodology advocated by Hunt et al (2003a and 2003b ) but incorporating aspects advocated by Gately and Huntington (2002) . The estimation was conducted using a 'general-to-specific' philosophy initially incorporating asymmetric price responses and a stochastic underlying trend. Restricted versions of this were only considered if suggested by the data. The results from this procedure show that for all bar two countries some form of asymmetry is found and that for all countries a stochastic underlying trend is found.
However, there is a high degree of heterogeneity across all countries in terms of the different form of asymmetry, the different shapes of the underlying trends and the estimated income and price elasticities. It is therefore argued, consistent with Adeyemi and Hunt (2007) and Adeyemi et al. (2010) , that any general model of energy demand should encompass both APR and a UEDT -thus being capable of capturing both the endogenous technical progress and exogenous influences.
Turning to the results found for OECD industrial energy demand in more detail it can be seen from Table 3 that the countries can be categorised into two groups. However, by far the dominant group is those with some form of asymmetry and a stochastic trend, the exceptions In addition to the heterogeneity in the estimated elasticities, it is important to highlight the different estimated UEDT's shown in Fig. 1 . This shows that even after controlling for endogenous price effects (all bar two being symmetric) there is still an important role for exogenous influences; being driven not only by exogenous technical progress, but also by other important exogenous effects. Moreover, it is clear from Fig. 1 that these exogenous effects vary from one country to other reflecting country specific effects, which appear not to be consistent across the industrial sectors of the OECD countries. Moreover, Fig. 1 shows that the estimated UEDT's do vary somewhat. For eight of the countries (Austria, Canada, France, Greece, Italy, the Netherlands, Portugal, and Spain) the general trends of the estimated UEDTs are upward slopping over the estimation period -suggesting exogenous 'energy using' behaviour.
However, for the other seven countries (Belgium, Japan, Norway, Sweden, Switzerland, the UK and the USA) the general trends of the estimated UEDTs are downward slopping over the estimation period -suggesting exogenous 'energy saving' behaviour.
The results therefore illustrate that it is important to allow for the separate influence of income and APR from exogenous factors when modelling industrial energy demand where there is scope for considerable variations in the uptake of innovation and different government regulations and policies
Summary and Conclusion
This paper explores the way technical progress and improvements in energy efficiency are captured when modelling OECD industrial energy demand. The paper considers two potential ways to capture this effect -'endogenously' via asymmetric price responses and/or 'exogenous' via the inclusion of a stochastic UEDT. Using the STSM framework, the general specifications allow for both APR (so that technical progress is endogenously induced by prices) and a UEDT (so that for technical progress and other factors, affect energy demand exogenously in a nonlinear way). The results show that most of the preferred models for OECD industrial energy demand incorporate both a stochastic UEDT and APR For seven of the 15 countries in the study, the estimated exogenous impact is 'energy saving'
(suggesting that technical progress or so-called energy efficiency effects outweighed any possible 'energy using' effects). However, for the other eight countries this is not the case with the estimated exogenous impact being 'energy using (suggesting that technical progress or socalled energy efficiency effects was outweighed by 'energy using' behaviour).
In summary, therefore, the analysis in this paper has brought together two rather separate strands of literature on modelling energy demand and shown that in general there is likely to be a role for 'endogenous' technical progress through prices (usually asymmetric) and 'exogenous'
impacts from technical progress and other factors (usually in a stochastic way). Therefore, in any general model of energy demand, this should be the starting point, and only if accepted by the data should a more restricted version be considered.
